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Summary 
Abnormal  levels of brain  iron  have been  reported  in  parkinsonism, which  is characterized  principally by degeneration  of 
dopaminergic (DA)  nigrostriatal  neurons.  Therc  arc  conflicting reports,  however,  of both  increased  and  decreased  iron  in 
parkinsonism. An animal model of parkinsonism was used to clarify the contribution of the loss of nigrostriatal DAergic neurons 
to abnormal iron accumulations. In rats with 6-hydroxydopamine induced unilateral DA depletion, brain iron deposition and its 
day-to-day stability was studied in vivo using T2-weighted magnetic resonance imaging (MRI) scans taken on 4 consecutive days 
beginning 1-2 months post-surgery and post-mortem by Perls'-DAB histochemicat stain. Unilateral DA depletion (parkinsonism 
model) produced large day-to-day fluctuations in T 2 relaxation time in the striatum. The T 2 relaxation time in Sham control rats 
was relatively minor. The uptake and transport of iron by intrinsic  cells of the striatum may vary, and this variability may have 
been exaggerated by the destruction of DAergic nigrostriatal neurons, which are known to modulate the activity of the intrinsic 
cells.  Inconsistent reports of increased  or decreased  iron  in  parkinsonism may reflect,  in  part, single  time-point measures of 
widely fluctuating iron. 
Introduction 
Abnormal  brain  iron  concentrations  frequently  oc- 
cur in disorders of the basal ganglia such as Parkinson's 
disease (Spatz 1922; Yehuda and Youdim 1988;  Adams 
and  Odunz  1991;  Sofic  et  al.  1991),  which  involves 
degeneration  of  the  dopaminergic  nigrostriatal  path- 
way  (Tomlinson  and  Corsellis  1984).  Currently,  the 
relationship between iron accumulations and dopamine 
(DA)  deficiency  is  uncertain,  in  part  because  of con- 
flicting neuropathological  data  (Earle  1968;  Dexter  et 
al.  1987;  Sofic  et  al.  1988,1991;  Riederer  et  al.  1989; 
Drayer  1987;  Rutledge  et  at.  1987a;  Uitti  et  al.  1989). 
Although there is ample evidence supporting the possi- 
bility that iron  and Parkinson's disease  are linked,  the 
nature  of this  link  is  obscure.  Moreover,  there  are  a 
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variety of non-DA-related  diseases  that  are  character- 
ized  by  changes  in  brain  iron.  The  literature  on  thc 
normal  and  neuropathological  characteristics  of brain 
iron,  summarized  below,  indicates  that  animal  model 
studies  utilizing  magnetic  resonance  imaging  (MRt) 
techniques  could  provide  essential  information  about 
DA deficiency and  brain  iron  that  may help to clarify 
the role of iron in basal ganglia disease. 
Until  recently,  Perls'  histoehemical  stain  for  ferric 
iron  (Fe 3+) was  the  primary method  used  in  studying 
the  distribution  of  iron  in  the  brain  (Francois  et  al. 
1981;  Hill  and  Switzer  1984).  Investigations  using  the 
Perls'  method  have shown  that  the  pattern  and  inten- 
sity of  histochemical  stainmg  corresponds  to  the  pat- 
tern and quantity of iron determined by chemical tech- 
niques  and  therefore provides a  measure of the  distri- 
bution  and  concentration  of brain  iron  (Hallgren  and 
Sourander  1958:  Hill and Switzer  1984:  Youdim  1985). 
This  reaction  can  be  intensified  by further  treatment 
with diaminobenzidine (DAB; Francois et al.  1981;  Hill 
1988).  Brain  areas with  the  highest  concentrations  of 
iron visualized  by the  Perls'-DAB method  include  the 
substantia  nigra,  globus  pallidus,  caudate/putamen 199 
and dentate nucleus. Other areas with high hist0chemi- 
cal  staining  include  the  inferior  colliculus,  cerebellar 
cortex,  deep  cerebellar  nuclei,  and  ventral  thalamic 
nuclei (Francois et al.  1981;  Hill and Switzer 1984;  Hill 
1988).  While  the  Perls'  method  clearly delineates  the 
distribution of brain  iron, a  major drawback is that the 
tissue  must  be processed and examined postmortem. 
MRI  can  be  used  to  map  the  distribution  of brain 
iron.  The  MRI  scanner  creates  images  of  the  brain 
based  primarily  on  the  contrast  provided  by  two  pa- 
rameters:  T~  (longitudinal  relaxation  time)  and  T 2 
(transverse  relaxation  time).  The  presence  of  iron  in 
the  brain  produces a  local  inhomogeneity in  the  mag- 
netic field (T~  effect: magnetic susceptibility) that pre- 
vents  the  traditional  paramagnetic  relaxation  effects 
and  produces  a  shortening  in  the  T 2  relaxation  time. 
This results in  a  loss of T,  signal from iron-containing 
brain  areas.  Thus,  images  produced  by  MR  that  are 
heavily T~-weighted show  a  decrease  in  signal  caused 
by iron, which appear as dark areas in the scan. 
Normal  human  subjects  scanned  by  MRI  exhibit 
discrete areas of decreased signal intensity in the globus 
pallidus,  substantia  nigra, red nucleus, dentate nucleus 
and  eaudate/putamen  (Rutledge et al.  1987a;  Drayer 
et  al.  1986).  MR  images  of  rats  demonstrate  iron 
deposition  similar  to  that  in  humans.  Areas  showing 
decreased  signal  intensity  in  rats  are  the  caudate/ 
putamen,  globus pallidus,  thalamic  nuclei and  inferior 
colliculus  (Rutledge  et  al.  1987b,c;  Hall  et  al.  1987, 
1988).  It  is  noteworthy  that  the  MRI  findings  closely 
coincide with  results  obtained  by  Perls'  histochemical 
method  (Hill  and  Switzer  1984;  Hill  1988),  although 
disparities  in  iron  patterns  between  the  Perls'  iron 
stain  and  MRI  in  humans  and  rats  have  been  noted 
(Rutledge et al.  1987a,b;  Hall et al.  1987,  1988).  These 
disparities may be related to the difference between in 
viw) vs postmortem conditions or the fact that the two 
techniques arc optimally sensitive to different forms of 
iron.  Nevertheless,  MRI  may  provide  a  noninvasive, 
potentially  more  accurate,  means  for  studying  brain 
iron in  vivo after experimental manipulations affecting 
iron-containing neural systems. 
There  has  been  some  disagreement  in  the  MRI 
literature as to whether iron concentrations increase or 
decrease in Parkinson's disease. Rutledge et al. (1987a) 
found that  759~ of severe  Parkinson's  disease  patients 
show  a  restoration  of signal  (loss  of iron)  in  the  sub- 
stantia  nigra  compared  to  age-matched  normals.  No 
additional  changes  in  brain  iron  significantly different 
from  normal  controls were  noted.  Other  investigators 
have  reported  decreased signal  (increased iron) in  the 
putamen  of Parkinson's  disease  patients (Drayer et al. 
1986;  Drayer  1987).  However,  Rutledge  et  al.  (1987a) 
point  out  that  a  loss of signal  in  the  lateral  aspects of 
the putamen was seen in 67% of their normal controls, 
a finding associated with increasing age. An interesting 
observation on which both studies  agree  is a decrease 
in  signal  (increased  iron)  in  the  caudate/putamen  of 
patients  who  were  unresponsive  to  DA  agonist  drug 
treatment.  Clarification  of these  findings  is  important 
for they may have  implications  for the  role of iron  in 
normal  brain  functioning  and  in  Parkinson's  disease. 
Addressing  the  issue  using  Parkinsonian  patients  is 
problematic because it is difficult to control important 
variables  such  as  drug  treatment  or  the  severity  and 
specificity of brain  damage. Therefore, a  rat model of 
Parkinson's disease was used. 
In rats, intracranial infusion of the neurotoxin 6-hy- 
droxydopamine (6-OHDA)  directly  into  the  nigrostri- 
atal  projection  depletes  DA  in  the  caudate/putamen 
(neo-striatum). The specificity of DA  neuron  loss  and 
site  of depletion  can  be  controlled  (Ungerstedt  1971; 
Schallert  and  Wilcox  1985).  Rats  with  bilateral  DA 
depletion show many Parkinsonian symptoms including 
akinesia/bradykinesia,  abnormal  gait  (short  steps), 
failure  to  habituate  the  blink  reflex  in  response  to 
repeated tapping of the forehead, and  increased  reac- 
tion  times (Marshall  et  al.  1974,  1976;  Schallert et  al. 
1978,  1989;  Spriduso et al.  1985).  Nigrostriatal damage 
limited  to  one  hemisphere  yields  sensorimotor  asym- 
metries,  and  unilateral  movement  initiation  deficits 
(Ungerstedt and Arbuthnott  1970; Marshall and Teitel- 
baum  1974;  Schallert  et  al.  1982;  Carli  et  al.  1985; 
Spirduso et al.  1985;  Schallert and Hall  1988;  Hall and 
Schallert  1988). 
Brain  iron  distributions  in  rats  with  6-OHDA-in- 
duced  unilateral  DA  depletions  have  been  measured 
using T2-weighted MR images (Rutledge et al.  1987b,c; 
Hall  et  al.  1987,  1988).  By using a  unilateral  prepara- 
tion,  any  changes  in  brain  iron  resulting  from  the 
depletion  may  be  visualized  as  an  interhemispheric 
asymmetry in the scan. Abnormally increased  iron was 
found in some animals in the depleted hemisphere, but 
decreased iron was found in other animals.  The intact 
hemisphere  appeared  to  contain  normal  iron  levels, 
although  this  was  not  quantified.  Perls'  histochemical 
staining  revealed no asymmetries  in  brain  iron  in  uni- 
lateral  DA  depleted  or  control  rats  (Rutledge  et  al. 
1987b;  Hall et al.  1987,  1988). 
Although  these  data  are  in  agreement  with  the 
general  findings  of  abnormal  iron  concentrations  re- 
ported  in  human  work,  they  fail  to  help  resolve  the 
issue  of whether  iron  increases  or  decreases with  the 
DA  depletion  in  Parkinson's  disease  and  other  ex- 
trapyramidal  disorders.  A  possible  explanation  is  that 
DA depletion affects the stability of brain iron concen- 
trations  visualized  by  MRI  and  that  following unilat- 
eral DA depletion, rapid fluctuations in iron accumula- 
tions (increased or decreased  iron) may occur. To test 
this hypothesis, repeated measures of brain  iron within 
subjects  would  be  ideal,  a  methodology now  possible 
using  MRI.  However, an  adequate  study using human 200 
patients would be expensive and impractical, and wouht 
lack neurotransmitter and anatomical specificity. 
In the present experiment, brain iron deposition wets 
measured  for  the  left  and  right  hemisphere  in  unilat- 
eral  DA-depleted rats by MR images obtained  on four 
consecutive  days.  The  region  of  the  striatum,  globus 
pallidus,  substantia  nigra, thalamic nuclei,  inferior col- 
liculus  and  cerebellar  nuclei  were  examined.  The  sen- 
sorimotor behavior of these animals was carefully stud- 
fed  for one  month  postoperativc  to  document  thc  de- 
gree  of behavioral  impairment  following these  lesions 
and to provide verification of the severity of DA deple- 
tion.  Upon  completion of scanning all  rats  were  sacri- 
riced and brain tissue was stained for iron using Pcrls'- 
DAB technique.  Because  brain  iron  levels  have  been 
reported  to  rise  in  female  rats  in  thc  substantia  nigra 
and  globus  pallidus  during  proestrus  (Hill  1981a,b), 
estrous stage at  the  time  of scanning and  iron  staining 
was determined to evaluatc the contribution of estrous 




Twelve  female  Long-Evans  hooded  rats,  weighing 
250-310  g,  were  individually  housed  in  metal  cages. 
They were  maintained  on  a  12/12  h  light/dark  cycle 
with free access to laboratory chow and water. 
Surgery 
6-OHDA  infusion  into  the  MFB.  Six  rats  anes- 
thetized with  equithesin  (0.3  ml/l()(I g) sustained  uni- 
lateral  lesions  of  the  medial  forebrain  bundle.  A  5 
/,g/#l concentration of 6-OHDA in  a vehicle of artifi- 
cial  cerebrospinal  fluid  with  0.1%  ascorbic  acid  was 
infused  through  a  26  gauge cannula  into  the  right  or 
left medial  forebrain bundle  anterior to the substantia 
nigra  (3.2  mm  posterior to  bregma,  1.5  mm  lateral  to 
bregma, and 7.2 mm below dura). The infusion volume 
was  2  /xl  delivered  at  the  rate  of  l  /,l/min.  After 
completing the  infusion  the  cannula was  left  in  place 
for 4  min  to  allow  for diffusion  of the  toxin.  All  ~-ats 
received a pretreatment of desipramine  15 min prior to 
the  6-OHDA  infusions  to  limit  depletion  of  nora- 
drenaline. To control for nonspecific damage caused by 
cannula insertion that might contribute to asymmetries 
in  iron  distribution  or  behavior,  2  >1  of vehicle  were 
infused  into the medial  forebrain  bundle  of the  oppo- 
site  hemisphere  at  the  same  coordinates  used  for  the 
6-OHDA infusion (Schallert  and Wilcox  1985). 
Bilateral-sham  control  infusions  of the  MFB.  As  a 
second control procedure,  6  rats  received bilateral  in- 
fusions  of  the  vehicle  (cerebrospinal  fluid  with  0.1¢:'; 
ascorbic  acid)  at  the  same  coordinates  and  infusion 
parameters  used  for  thc  o-()t-tI)A  infusions  into  |he 
medial  forebrain bundle  described  above. 
Bruin  lrolt  et aluation 
.~vlagnetic  resonance  imagm~.  Between  [  and  2 
months  following the  surgerics  and  after  the  complc- 
lion  of  behavioral  testing,  all  rats  were  again  anes- 
thctizcd with cquithe.sin ((I.3 ml/100 g) and scanned m 
a  horizontal  plane  using a  GF  Signa  1.5  tesla  magnet. 
All  rats  were  placed  in  a  small  carrier  in  the  prone 
position with their heads held  in place by small wedges 
of  fbam  rubber.  To  insure  s  vmmett'y,  |he  head  w'a~ 
positioned  under  laser  and visual  guidance ~o that  the 
eyes were  level  and  the chin was tilted  slightly upward 
so that  the dorsal surface of the  brain would be  in  line 
with  the  scanning plane.  A  piece  of tape  was  secured 
to  the  top  of  the  rat's  head  and  to  each  side  of the 
carrier  to  ensure  that  the  head  remained  still  for  the 
cntirc  scan  time.  Heavily  'l':-wcighted contiguous  im- 
ages.  3  mm  thick,  were  obtaim:d  using  a  spin-echo 
pulse  sequence of 2500/80 (Htesc  parameters  resulted 
in  contrast  based  mainly on [,  d ffcrcnccs), To exam- 
inc  the  stability  of brain  iron  depositions,  a~l  animals 
were  scanned  on  4  cc,  nsecutivc  days. 
f'erl.~'-l)At~  histochemical  ~/am.  Brain  tissuc  was 
stained  for  ferric  iron  using  dac  Perls'.-DAB  method 
(Francois ct  al.  19811. All  rals  ,~crc  sacrificed  with  an 
~;verdosc  of  pentobarbital  within  12  h  of  completing 
the  MRI  procedures.  The  brains  were  fixed  by  intra- 
cardial  perfusion  of  t0'~r~, formalin  in  0.9¢;  saline,  re- 
moved  from  the  skull  and  st,,rcd  ovcrnight  in  a  SOIL> 
tion  of  i()c~ formalin  in  ltV+ ethanol.  Within  24  h  ol 
pcrfusion, the brains were  parually frozen, cul horizon- 
tally (in an angle slightly oblique to horizontal to match 
the orientation of the section taken by MRI) in 300-4011 
#hi  sections  on  a  crxostat  ant~ thaw-mounted  onto 
gelatin-coated  microscope  shdes  The  sectums  were 
immersed  in  2%  potassium  lcrrocyanide  and  2ci  HCI 
for  30  rain  at  room  temperature  and  lhen  rinsed  in 
deionizcd  water  for  5  rain  Fhe  Perls"  reacnon  was 
intensified  by' placing the  tissue  in  (1.5(~ diaminobenzi- 
dine  (DAB)  in  cold  phosphate  buffer,  pH  7.4,  ik~r 15 
rain.  Next,-  ~ mllCf  H ,0,  w',> added  for every 200 ml 
DAB  solution  (Francois  ct  :~{  1981" Hill  1988).  The 
scctkms remained  in  this  sohffion  for 25  rain.  Follo'~- 
ing DAB treatment  the  secu~,ns  were  rinsed  in  deion- 
izcd watcr  for  15 min.  Fhc slides were thcn dehydrated 
and  coverslipped.  Slides  o~  ~_l~c sections  wcrc  made 
using a  microscope equipped with  a  35-mm  camcra. 
Image am:dysis.  The  PeHs stained  sections and  m> 
ages obtained  by MRI  were  analyzed by  dcnsitomctr3 
with  an  IBM  AT  cornputcr  using  Jandcl  Scientific's 
image  analysis  software  ~JAVA  TM)  with  a  gray  scale 
range of 256 gray levels,  lmagcs were digitized using a 
video camera and  analyzed ,a, id~  the  aid of a  high-rcso-, 
lution  video  monitor.  Brain  ~egh)ns  t,f  interest  werv traced  by  the  experimenter,  who  was  blind to  the 
animal's condition,  and  densometric values  for  each 
region were obtained.  Iron-associated increases appear 
as dark areas on both the scans and Perls'-DAB stained 
scctions. 
Of  particular  interest  was  the  comparison  of  iron 
findings  in  the  basal ganglia between each hemisphere 
in  individual  subjects  from  each  group  (iron  asymme- 
try)  and  how  these  asymmetries  in  iron  levels  change 
over  consecutive  days  (day-to-day  iron  fluctuation). 
Findings  from the  MRI  scans  and  Perls'-DAB stained 
sections were also examined for each animal. Although 
the absolute darkness of a  MR image could be manipu- 
lated  by  altering  the  gray  scale  used  to  produce  the 
image, thc  relative  darkness  among the  structures  and 
between  hemispheres  is  retained.  Perls'-DAB  stained 
sections also showed  somewhat variable staining inten- 
sities  while  the  relationship  between  structures  re- 
mained  the  same  across  different  sections.  Therefore, 
direct  comparison  of  densitometry  measurements 
across scans and  stained  sections would  not  be appro- 
priate.  To  address  this  problem,  for  each  animal  the 
dcnsometric  values  for each  brain  area  in  the  4  MRI 
scans  anti  the  Perls'-DAB  stained  section  were  con- 
vertcd  to  a  ratio  according  to  the  following  equation: 
for  unilaterally  lesioned  rats,  ipsilateral  densitometry 
value + contralatcral densitometry value; for sham con- 
trois,  right  densitometry  value +  left  densitometry 
value. For example, a  rat with a unilateral lesion whose 
dcnsitomctry wdue on day  1 for the ipsilateral striatum 
was 90.29  and for the  contralatcral  striatum was 75.81, 
would  yield  a  ratio  of  1.19  for  the  striatum  on  day  1. 
This  ratio  was  termed  the  "iron  asymmetry  ratio" 
bccause  it  provided  an  index  of  the  direction  and 
extent  of any asymmetry in  iron  related  substrate  that 
might  be  present  (see  Table  1).  The  iron  asymmetry 
ratio allowed  for comparisons of brain  iron  asymmetry 
over  days  across  MRI  scans  and  between  MRI  scans 
and  Perls'-DAB stained  sections. 
A  primary  wtriable  of  interest  was  the  stability  of 
brain  iron  findings  in  the  MRI  scans  of  each  group 
ovcr the  4-scan  days.  To  investigate  this  question,  for 
all  animals  the  difference  score  between  each  MRI 
iron  asymmetry ratio  was  obtained  for each  brain  re- 
gion as an  index of the  amount of change in brain iron 
deposition  over the  4  MRI  scans.  In other words,  the 
difference  between  the  iron  asymmetry ratio  from the 
MRI scan on day 1 and day 2, day 2 and day 3, and day 
3  and  day  4  was  determined.  The  difference  scores 
produced by this method were termed the "iron fluctu- 
ation  index" and provided a  measure of the amount of 
day-to-day change  in  iron  asymmetry over the  4  MRI 
scans (see Table  1). 
For the  Perls'-DAB stained  sections the cerebellum 
and  inferior colliculus were  not  spared in  the  horizon- 
tal  tissue  sections.  As  a  result,  brain  regions  studied 
201 
TABLE I 
BRAIN  IRON  ASYMMETRY  RATIOS  AND  BRAIN  IRON 
FLUCTUATION INDEXES FOR AN ANIMAL WITH A  UNI- 
LATERAL MFB-6-OHDA LESION AND A SHAM CONTROL 
RAT ACROSS 4 DAYS (MRI) 
lpsi  Contra  Ratio  Difference 
(asymmetD')  (fluctuation) 
MFB-6OHDA 
69.01  58.60  1.1777 
59.44  55.34  1.0740 
57.75  70.13  (I.8235 
71.86  59.34  1.2110 
Sham control 




79.24  84.62  0.9365 
O.0050 
78.94  83.85  0.9415 
0.1179 
87.80  82.88  1.0594 
0.1933 
75.07  8,6.68  I).8661 
from the Perls'-DAB sections were the striatum, globus 
pallidus,  thalamic  nuclei  and  substantia  nigra.  Al- 
though the substantial nigra is a  high-iron brain region, 
the  horizontal  T2-weighted  MR  images of rats did  not 
produce  a  reliable  image of the  substantia  nigra.  This 
is  likely  due  to  the  small  size  of  the  substantia  nigra 
and  the  relative  thickness  of  the  smallest  section  (3 
ram) that  can  be  taken  by the  MRI  scanner.  Approxi- 
mately two-thirds  of the  section  involving the  substan- 
tia  nigra  contains  information  from  other  tissue;  the 
image of the substantia  nigra is "averaged out" and no 
anatomically  distinct  image  of the  substantia  nigra  is 
produced.  Therefore,  the  brain  regions  studied  in  the 
MR  images were  the  striatum,  globus  pallidus,  thala- 
mic nuclei,  inferior  colliculus,  and cerebellum. 
Estrous  o:cle 
Hill  (1981a,b)  found  that  brain  iron  levels  in  the 
substantia  nigra and globus pallidus of female rats rise 
during  the  proestrus  stage  of estrous  when  compared 
to  male  rats  and  return  to  levels comparable  to  male 
values during the  other  stages of the  estrous cycle. To 
determine  the  effect  of  estrous  cycle  on  brain  iron 
asymmetry and stability, stage of estrous at the time of 
MR1 scanning and Perls'-DAB staining was monitored. 
Oogenesis  is  continuous  in  the  rat,  with  ovulation 
occurring  every  4-5  days.  Histologic  changes  in  the 
vaginal  epithelium  and  exfoliated  cells  are  closely  re- 
lated  to  the  estrous  cycle  and  examination  of vaginal 
cells  provides  a  reliable  method  for  determining  es- 
trous stage. These changes may be monitored by micro- 
scopic  examination  of  vaginal  smears  prepared  from 
samples of cells obtained  by swabbing or  scraping  the 
vagina  (Baker  1979;  Solleveld  et  al.  1986).  Vaginal 
samples  were  obtained  while  the  rats  were  anes- 
thetized  for MRI scanning or perfuskm using a  cotton 
swab,  smears  immediately  made  on  a  clean  slide  and 202 
placed  in  a  95%  ethanol  solution  for  at  least  15  rain. 
To facilitate examination, the smears were then stained 
with  cresyl  violet  for  15  min,  quickly  drained  and 
coverslipped  without  the  use  of  mounting  medium. 
Differentiation  of the  cell  types  associated with  the  4 
stages  of  estrous  (proestrus,  estrus,  metestrus  and 
diestrus) was made with the aid of a  microscope. 
Lesion verification 
Apomorphine rotation test.  Rats unilaterally treated 
with 6-OHDA rotate in a direction contralateral to the 
side  of the  lesion  following administration  of the  DA 
agonist  apomorphine.  This  behavior  is  thought  to  rc- 
fleet an enhanced reactivity (denervation supersensitiv- 
ity) to  DA or  DA agonists,  and  only occurs when  the 
loss  of  DA  is  approximately  85%  or  greater  (Creese 
and  Snyder  1979;  Heftiet  al.  1980,  Marshall  1979: 
Ungerstedt  1971; Schallert and Wilcox 1985). To deter- 
mine whether  a  significant level  of DA  depletion  was 
achieved,  all  animals  were  administered  0.5  mg/kg 
apomorphine subcutaneously and  placed in  a  Plexiglas 
bowl of 50 cm diameter. Following a  5-min habituation 
period,  the  number  and  direction  (ipsilateral  or  con- 
tralateral) of 360  ° lateral turns that the animal made in 
three consecutive 5-min periods was recorded. 
Somatosensory  tests.  Behavioral  tests  known  to  be 
sensitive  to  effects  of  unilateral  lesions  of  the  basal 
ganglia were  conducted preoperatively and on postop- 
erative  days  3,  5,  7,  14,  21,  and  28.  These  measures, 
described  in  detail  elsewhere,  consisted  of  orienting 
latencies to perioral and posterior (flank) tactile  stimu- 
lation, orienting latencies during eating,  and  the adhe- 
sive  removal  test  (Schallert  ct  a[.  1982,  1983,  1986: 
Schallert and  Hall  1988;  Hall and Schallert  1988). 
In the  adhesive removal test,  small  pieces of slightly 
sticky paper were attached to the radial  aspect of each 
forelimb.  The  latency  to  remove  the  ipsilatcral  vs. 
contralateral  stimulus  was  recorded.  Following  effec- 
tive  unilateral  striatal  damage,  the  ipsilateral  stimulus 
is removed first on the majority of trials.  In a  procedu- 
ral  variation  of this  test,  the  size  of the  first-removed 
(preferred)  stimulus was reduced while  the  size of the 
second-removed  stimulus  was  increased  on  different 
trials until  the asymmetry was neutralized. The ratio of 
the size of the contralateral stimulus relative to that of 
the ipsilateral  stimulus required to neutralize the asym- 
metry was taken as an estimate of the magnitude of the 
asymmetry (Schallert  et  al.  1986).  All  behavioral  tests 
were  conducted  during  the  light  portion  of  the 
light/dark  cycle  in  the  animal's  home  cage  where 
responsivity  is  optimal  (Schallert  et  al.  1982,  Schallert 
and  Hall  1988;  Hall  and  Schallert  1988). 
Histological  analysis'.  Perls'-DAB  stained  sections 
were  evaluated  to  determine  lesion  size  and  location. 
Sections  were  enlarged  using  a  Bausch  and  Lomb 
microprojector and  compared  with  the  rat  brain  atlas 
ol Paxinos  and  Watson (1986),  Any structural  damage 
was  noted  as well  as  the  presence of any iron-staining 
reaction  in  the  cannula  tract  (cannula  artifact).  Fol 
each  animal,  an  unstained  horizontal  40-#m  section 
was taken  from tissue  adjacent  io the sections used for 
Perls-DAB staining and  used  as  a  negative to produce 
a  black  and  white  photograph  of  the  section.  This 
|echnique  has  been  shown  to  bc  sensitive  to the  pro>° 
ence  of  small  lesions  in  rat  brain  sections  (Schallcrt 
1982,  1989).  The photographs obtained  by this  method 
were also used  to evaluate  lesion size and extent. 
Results 
Brain  iron analysis 
MRI brain  iron fluctuation.  ()t primary interest was 
the  stability  of  brain  iron  findings  across  the  4  MRI 
scans  in  each  group.  Visual  inspection  of the  images 
suggested obvious day to day fluctuation  in  interhemi- 
spheric  asymmetry in  the  brightness of striatat  regions 
in  6-OHDA-treated  animals.  Fhis  was  quantified  by 
obtaining  densitometric  scores  rcflecting  day  lo  da.~ 
differences  in  the  MRI asymmetry ratios  for each ani- 
mal  (iron  fluctuation  index).  One-way  ANOVA  indi- 
cated  no  significant  effect  tot  days  {k'~ .~  ~ {/.92.  1'  -- 
11.05) so  these  data  were  pooled  for the  remainder  ot 
the  analyses.  Two-way ANOVA revealed  no significan| 
effect  for  group  (F~.m= 1.00. 1'> (t.(15) but  a  signifi- 
cant effect for area (k~.40 =  20.90.  P  < 0.05) and area  X 
group interaction  (b4,a0 -  3.27.  1' < 0.II5L  As shown  in 
Fig.  1.  post  hoc  univariate  contrasts  comparing  the 
MFB-6OHDA group with  the  Sham  Control  group at 
each brain  area  revealed a  significanl  difference m the 
fluctuation  index  for  the  stnatum  (kt.~ ~ = 6.38.  f'~- 
0.05)  but  no  significant  effec~  for  the  globus  pallidus 
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Fig.  I.  Mean MRI  brain iron fluch~atkm index (difference score:, 
between  day-to+day MRI  asymmetry ratios) plotted across brain 
areas after unilateral MFB-6OHDA lesions or sham control plocc~ 
dures. STR, striatum: GP, globus pallidus: IC, interior colliculus: Th~ 
fllalarnic  nuclei:  Cb,  cerebe|lar  nuclei.  *  t'  <  !L0~,: 2(13 
(F1.H~ =  0.89,  P  >  0.05),  inferior colliculus (Fn,10 =  1.27, 
P>  0.05),  thalamic  nuclei  (F~,~ =  2.21,  P>  0.05),  or 
cerebellar  nuclei  (F~,~ =  0.93,  P  >  0.05).  Additional 
post  hoc  univariate  contrasts  comparing  brain  areas 
within  the  MFB-6OHDA  group revealed that the fluc- 
tuation  index  for  the  striatum  was  significantly  differ- 
ent from that of (collectively) the globus pallidus,  infe- 
rior  colliculus  and  thalamic  nuclei  (Fl,2O =  70.75,  P  < 
0.(15) and  of cerebellar  nuclei (F~.2o--  15.35,  P  <  0.05). 
Univariatc  contrasts  comparing brain  areas within  thc 
sham  control  group  demonstrated  that  the  fluctuation 
index  for the  striatum  was  significantly different  from 
that  of the  globus pallidus,  inferior colliculus  and  tha- 
lamic nuclei  (F~,20 =  11.02,  P  <  0.05) but  not from that 
of the cerebellar nuclei (F~,2~  ~  =  2.37,  P >  0.05). 
In summary, the MFB-6OHDA group showed larger 
day-to-day  interhemispheric  brain  iron  changes  (iron 
fluctuations)  than  the  sham  control  group in  the  stria- 
turn.  These brain  iron  fluctuations were greater in  the 
striatum  than  in  any  other  brain  area  studied  in  this 
group (globus pallidus,  inferior colliculus,  thalamic nu- 
clei,  and  cerebellar  nuclei;  see  Fig.  2).  The  sham  con- 
trol  group  had  brain  iron  fluctuations  in  the  striatum 
that  were  statistically greater  than  those  in  the  globus 
pallidus,  inferior  colliculus,  and  thalamic  nuclei;  how- 
ever,  the  iron  fluctuations  in  the  striatum  were  not 
different from those  in  the cerebellar nuclei. 
MRI brain iron asymmetry.  As expected from previ- 
ous  experiments  (Rutledge  et  al.  1987b,c;  Hall  et  al. 
1987)  brain  iron  asymmetry  ratios  from  the  4  MPLI 
scans indicated  that  following unilateral  DA depletion 
asymmetries in brain  iron occurred  in the  striatum but 
not  in other brain  areas (see  Fig. 3).  The sham control 
group also showed  brain  iron  asymmetries. A  one-way 
ANOVA  indicated  no significant  effect for days (F3,3~ 
=  0.64,  P  >  0.05);  therefore,  days were  pooled  for the 
rest  of the  analyses.  To  determine  whether  the  MRI 
asymmetry ratios of the  MFB-6OHDA  and  sham con- 
trol  groups significantly differed from a  ratio of  1.0  (a 
brain  iron asymmetry ratio significantly greater than or 
less than  1.0 would indicate an asymmetry in brain iron 
deposition),  t-tests  were  conducted  comparing  the 
mean  MRI asymmetry ratio for each brain  area with a 
population  mean of 1.0. The  MRI asymmetry ratio for 
the  striatum was  significantly different  from a  ratio of 
1.0 for both the MFB-6OHDA (t =  2.186,  23,  P  < 0.05) 
and  sham  control  groups (t ~  2.10l,  23,  P  < 0.05).  No 
significant  differences  were  found  in  the  other  brain 
areas for either group (see Fig. 3). 
Perls'-DAB brain iron asymmetry.  The mean Perls'- 
DAB  striatal  asymmetry  ratio  for  the  MFB-6OHDA 
and sham control  groups were  compared with  a  popu- 
lation  mean  of  1.0  using  t-tests  to  determine  if  a 
significant asymmetry existed (a brain iron ratio signifi- 
Fig. 2. T2-weighted horizontal MR images obtained on two consecutive days of a  rat following a unilateral (right) MFB-6OHDA lesion. On day 1, 
the animal has a  greater deposition of iron (dark  areas) throughout the left hemisphere as compared to the right, particularly the striatum (left 
panel).  On  day  2,  however,  the  iron  deposition  is  reversed,  with  greater  ccmcentration  in  the  right  hemisphere  (right  panel).  Note  that  in 
radiological films left and right are reversed. 204 
!2  J 
[]  Sit a,'J 
Mean 
~-~,3  lllnlC[l  }  I () 
Ratl~, 
>;l[~  I;P  IC  I h  ~ '1, 
I~lal*  '~Ica 
Fig. 3.  Mean  MRI brain iron asymmetry ratio ploned across  brain 
areas after unilateral MFB-6OHDA lesions or sham control proce- 
dure. STR, slriatum;  GP, globus pallidus;  IC, inferior coIliculus: Th, 
thalamic nuclei; Cb, cerebellar nuclei. * P < 0.05, significantly differ- 
ent from a ratio of 1.0. 
cantly different from  1.0 would indicate an  asymmetry; 
see Fig. 4). Unlike the MRI data, for the MFB-6OHDA 
and  sham  control  groups  there  were  no  significant 
differences  from  1.0  in  the  Perls'-DAB  brain  iron 
asymmetry in the striatum (t =  -  1.585, 5,  P  >  0.05  and 
t =  1.177,  5,  P  =  0.05,  respectively). Thus,  Perls'-DAB 
brain  iron  staining  was  essentially symmetrical  in  the 
striatum  for  both  the  MFB-6OHDA  and  the  sham 
control groups. 
Comparison  of MRI and Perls'-DAB brain  iron find- 
ings.  Pearson  r  correlations  conducted  between  the 
Perls'-DAB asymmetry ratios  and  MRI  asymmetry ra- 
tios  each  day  for  the  striatum,  globus  pallidus  and 
thalamic  nuclei  were  not  significant.  The  correlation 
between  the  iron  asymmetry ratios from  the  last  MR1 
scan (MRI-4) and Perls'-DAB asymmetry ratios (which 
one  might  expect  to  be  the  highest because  the  MRI- 
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Fig.  4.  Mean Perls'-DAB brain iron asymmetry ratio plotted against 
brain areas after unilateral MFB-6-OHDA lesions or sham control 
procedure. There were no significant brain iron asymmetries for both 
the  MFB-6-OtIDA and  sham  control  groups  in  any  ol the  brain 
areas  studied.  STR,  striatum;  GP,  globus  pallidus;  Th,  thalamic 
nuclei: SN, substantia nigra. 
Day 4  scan was  taken just  plt,q-  to  the  time  of dcath} 
was only  -0.023 ±/).15.  The  mean  ~ +_ SE) correlations 
between  the  other  MRI  scan,  'and  PerIs'-DAB  asym- 
metry  ratios  across  all  brain  ~cgions were:  MRI-da>  1 
and  Perls'-DAB,  -0.225  ~{L165),  MRl-day  2  and 
Perls'-I)AB, 0.27 (±0.16);  MRl-day 3  and  Pcrls'-I)AB, 
1t.153  (  ~0.156):  and  MRI-da~  4  and  Per[s'-DAB, 
11.1)23 (+0.15).  However,  these  results  must  be  c~m- 
sidered tentative  until  more  animal,,, arc tested, 
Estrous  t3"cle.  For  thc  ~,ham  contxol  group,  the 
number  of  MRI  brain  iron  a<vmmctry  measurcmcnt~ 
obtained  during given stages ,,I the  estrous  cycle wcru 
as  follows:  proestrus-5,  estrt>-!.  11etestru>-.~  ~  ~md  vii 
estrus-7,  For  the  MFB-6OHDA  group,  the  number  ~f 
MRI  brain  iron  asymmetr.~  mcasurements  obtained 
during a  given cstrous stage x~ctc: procslfus-7, c.qrus-I~ 
metestrus-5  and  dieslrus-li  Two-way  ANOVA  rc- 
xcaled  no  significant  main  eliccts  for  group,  eslruu,, 
stage or  interaction. For exanotc,  there wa.~ no qgnifi- 
cant  effect  for  stage  ol  estnm>  cycle  on  blain  non 
asymmetry  ratios (b3.~,-  2.0?  /'.-U.05)  or  b, am  u-on 
fluctuation  index  { F;.~ =  2.3{L  t'  .- {1.{15).  I'hc  mean 
{-_eSIg)  density  score  in  the  'qHatum  ~vas:  proestrus. 
h4.53  (2  l.fll ); other  stages ol  csrrous combined.  0h.51 
(±(1.93).  The  mean  I zSE~  density score  in  the  globus 
pallidus ,aas:  proestrus.  ':,'5.36  ,  . il.21): other  stages ot 
estrous combined,  95.10  ( ~  ~.l 35 ~. Thus.  the  proestrous 
stage  of  the  cstrous  cycle  et~ukl  not  account  lor  non 
fluctuations  or  R)r  differencc,~  m  brain  iron  findings 
between  the groups. 
l,esion  cerification 
Histological  analyses.  Mit_roscopic  cxaminauou  ui 
horizontal  Perls'-DAB  stained  secuons  and  pho- 
lographs  made  from  the  tissue  failed  to  revcaf  any 
structural  damage  resulting  from  either  the sham  con- 
trol  procedure  or  the  MFB-nOHI)A  infusion.  In  all 
,mimals, small and circumscribed areas of positive iron 
reaction were seen bilaterally in the Perls'-DAB stained 
sections  in  the  location  of  cammla  penetration  in  the 
nigrostriatal  tract  (cannula  ~utifact).  There  were  no 
observable differences m  cannula  artifacts between  the 
groups  and  artifact did not  produce  any differences  in 
brain  iron  asymmetry. ~a  sham  cannula  had  been  low- 
ered  into the  hemispherc  opposite  to the DA-dcpleted 
hemisphere). These small area,~ of iron wcre  not visible 
in the  MR  images, likely duc  i~, resolution and volume 
averaging problems. 
Apomorphine  rotauon  w.~t.  Apomorphine  ({I.5 
mg/kg,  s.c.)  produced  strong  contralateral  circling  m 
every 6-OHDA-treated  rat.  A  mean  (_~ SE) ~f 58.1 .... 
3.38  360 °  contralateral  turns  and  no  ipsi[ateral  turns 
were  recorded  during  the  15-ntin  obscrcatior~  period. 
The  results  of  the  apomorphine  drug  challenge  indi- 
cated  that  all  animals  in  the  MI:B-~OHDA  group  had 
severe tmilateral DA depletion~ lapproximately ~5' ;  or TABLE  ._  "~ 
ADIIESIVE  REMOVAL  TEST 
I)ays post surgery 
3  5  7  14  21  28 
Mean percentage of trials in which ipsilateral stimulus was removed 
first (percent  right for controls) 
MFB-6OItDA  88.3  93.3  *  1110.0  *  81.7  *  85.0  *  93.3  * 
Sham-control  70.0  56.7  53.3  73.3  51.7  68.3 
Magnitude of as_vmmetr~ 
MFB-6OttDA  2.1  *  2.2  *  2.7  *  1.9  *  2.0  *  1.7  * 
Sham-control  0.2  11.5  11.3  0.6  11.6  0.3 
*  Significantly different  from  sham,  t' <.(15.  Note  maximum  behav- 
ioral  asymmetry  occurred  at  Day  7  postoperative,  as  in  previous 
studies of MFB-60|tDA. 
greater;  Creese  and  Snyder  1979;  Hefli  et  al.  1980; 
Marshall  1979;  Ungerstedt  1971). 
Somatosensor3;  tests.  The  results  of the  behavioral 
tests of somatosensory asymmetry support the apomor- 
phine  rotation  data  (see  Tables  2  and  3).  Rats  in  the 
MFB-6OHDA  group  showed  behavioral  deficits  that 
commonly occur after unilateral  DA depletion such as 
a  strong  ipsilateral  response  bias,  increased  orienting 
latencies to contralateral posterior stimulation and fail- 
ure  to orient  to contralateral  sensory stimulation  dur- 
"FABLE 3 
MEAN  LATENCY  TO  ORIENT  TO  PROBE  STIMULATION  OF 
PERIORAL  AND  ttINDQUARTER  REGIONS  OF  THE  BODY 
IPSILATERAL  VS  CONTRALATERAL  TO THE  LESION 
Data  expressed as means. 
Days post surgery 
3  5  7  14  21  28 
Perioral stimulation 
MFB-6-O|IDA 
(a) Contra  1.2  1.3  4.5  5.5  6.3  1.7 
(h) lpsi  <1  <  I  <1  <1  <1  <1 
Sham-control 
(a) Right  <  1  <  I  <  I  <  1  <  1  <  1 
(blLcft  <  I  <1  <1  <1  <1  <1 
tlindquarter stimulation 
MFB-6-OHDA 
(a) Contra  7.3  31.5  53.5  54.8  48.8  4.2 
(b) lpsi  1.2  <  I  1.2  1.2  <  1  <  I 
Sham-control 
(a) Right  <  I  <  1  <  1  <  1  <  1  <  1 
(b) Left  <  1  <  I  <  1  1.17  <  1  <  1 
Perioral stimulation during eating behavior (disengage deficit) 
MFB-6-OHDA 
(a) Contra  6(I  60  60  60  60  60 
(b) lpsi  <  1  <1  <1  <1  <1  <1 
Sham-control 
(a)Right  <  1  <  I  <  1  <  1  <  1  <  1 
(b)Left  <1  <1  <1  <1  <1  <1 
2(15 
ing  eating  (Schallert  et  al.  1982,  1983;  Schallert  and 
Hall  1988;  Hall  and  Schallert  1988).  There  was  little 
day-to-day variability  in  behavioral  asymmetry  in  the 
MFB-6OHDA  group  and  no  animal  ever  showed  a 
contralateral bias on any day. The sham control group 
showed no impairments on any behavioral measure. 
Discussion 
Unilateral  MFB-6OHDA  lesions  produced  large 
day-to-day  fluctuations  in  T,-relaxation  time  in  the 
striatum.  These  data  suggest  that  our  earlier  MR1 
finding  that  some  animals  showed  a  striking  increase 
whereas  some  showed  a  decrease  in  ipsilateral  T z  re- 
laxation  time  might  have  been  due  to  fluctuations  in 
iron (Rutledge et al.  1987b; Hall et al.  1987,  1988). The 
sham  control  group  also  showed  T~  relaxation  time 
fluctuations  in  the  striatum;  however, the  fluctuations 
observed in the MFB-6OHDA group were significantly 
larger.  Perhaps  DA  depletion  exaggerates  a  normal 
tendency for iron  to fluctuate  in  this region.  For both 
the  MFB-6OHDA  and  sham  control  group,  fluctua- 
tions in brain iron-related signal were also found in the 
cerebellar  nuclei  but  there  was  no  significant  differ- 
ence  between  the  groups.  Brain  iron  indices  for both 
groups  in  the  regions  of the  globus  pallidus,  inferior 
eolliculus and thalamic nuclei were stable  across the 4 
MRI  scans and showed little day-to-day change. 
It is conceivable that  the fluctuation in  iron-related 
indices  could contribute  to the  inconsistent  reports  in 
the  human  literature  of  either  increased  iron  or  no 
significant iron change in the putamen of patients with 
Parkinson's  disease  (Drayer et  al.  1986;  Drayer  1987; 
Rutledge et al.  1987a;  Braffman et al.  1988).  Tsuchiya 
et al. (1988) report that 7 of 11  patients with one-side- 
dominant  hemi-parkinsonism  scanned  using  T 2- 
weighted  MR  images  have  decreased  signal  intensity 
(suggesting high  iron) in  the  putamen  contralateral  to 
the symptomatic haft of the body. Perhaps serial scan- 
ning of these patients would have revealed iron fluctu- 
ations in the putamen. 
The findings of Hill et al. (19851 may be pertinent to 
these  data.  They  found  that  the  striatum  contains  a 
moderate  amount  of  transferrin  receptors  and  sug- 
gested  that  iron  may be  taken  up  in  the  striatum  and 
transported  axonally to  sites  of accumulation  such  as 
the  globus pallidus  and  substantia  nigra.  Iron  fluctua- 
tions seen in  the striatum of the  intact rat brain (sham 
control  group)  by  MRI  may  result  from  iron  being 
taken  up  periodically and  transported  from  the  stria- 
turn  to the globus pallidus  and  substantia  nigra  in  the 
form of ferritin. No fluctuations in  iron concentrations 
were found in the globus paIlidus and substantia  nigra 
possibly because these structures have very high  levels 
of iron  and  always  appear  dark  in  T2-weighted  MRI 2(16 
scans.  Chemical  measures  of iron  levels  in  the  globus 
pallidus  and  substantia  nigra (e.g.,  using microdialysis) 
after  unilateral  DA depletion  may reveal fluctuations. 
It is possible that DAergic nigrostriatal  neurons have a 
stabilizing  influence  on non-DAergic neurons  inw~lved 
in  this  process  and  the  large  iron  fluctuations  seen  in 
the  striatum  after unilateral  DA  depletion  result  from 
a  loss of DAergic modulation. 
The substantially greater iron-related fluctuations  in 
the  striatum  of  the  MFB-6OHDA  group  may  reflect 
changing  metabolic  needs  of intrinsic  striatal  neurons 
denervated  (released) from the  inhibitory  influence  of 
nigrostriatal  DAergic  neurons.  Reports  of  increased 
glucose  utilization,  gamma-aminobutyric acid  (GABA) 
metabolism and GABA levels in the striatum following 
DA  neuron  lesions  or  DA  receptor  blockade  support 
this hypothesis.  In rats,  increased  glutamic acid decar- 
boxylase  (GAD;  a  GABA  synthetic  enzyme)  activity 
has been found in the striatum following unilateral  DA 
neuron  depletion  (Bennett  1986;  Segovia  and  Garcia- 
Munoz  1987)  or  after  treatment  with  DA  antagonists 
(Fowler  et  al.  1987).  DA  antagonists  also  have  been 
shown to increase glucose utilization  in  the striatum of 
rats (Carvey et  al.  1987).  Increased  GABA  and  GAD 
levels have been  reported  to occur  in  Parklnson s  dis- 
ease (Kish et al.  1986). 
In contrast  to T2-weighted  MR  images, Perls'-DAB 
histochemical stain for iron failed to indicate a  reliable 
asymmetry in  iron  concentrations  between  the  MFB- 
6OHDA  and  sham  control  groups  in  any  brain  area, 
including  the  striatum.  These data confirmed previous 
reports  that  brain  iron  findings  differ  between  T~- 
weighted  MR  images  and  Perls'-DAB  stain  in  rats 
(Rutledge  et  al.  1987b;  Hall  et  al.  1987,  1988)  and  in 
humans (Rutledge et al.  1987a) 
It  is possible  that  the  two  techniques  are  optimally 
sensitive  to  different  forms of brain  iron  or  that  both 
techniques  are  catching  a  "freeze frame" of a  rapidly 
cycling system (of tess than 12 h, which was the time of 
post-MRl-day 4 death).  It has been shown that ferritin 
is the form of iron most likely to produce the magnetic 
susceptibility  effect  that  makes  T2-weighted  MR  im- 
ages  sensitive  to  the  presence  of  iron  (Koenig  1985: 
Koenig and  Brown  1986).  Ferritin  is  an  iron  molecule 
encased  by a  protein  shell  that  prevents  normal  para- 
magnetic relaxation effects. Ferritin serves to store iron 
for  metabolic  needs  and  to  protect  tissue  from  free 
iron (Hallgren and Sourander  1958;  Martin  et al.  1985; 
Youdim  1985).  The Perls'-DAB stain reacts with ferric 
iron,  including  ferritin  and other  compounds  to which 
iron is loosely bound (Rafaelsen and Kofod  1969).  It is 
not  known,  however,  what  percentage  of  ferritin  is 
localized  by the  Perls'-DAB method  and  it  is  possible 
that the protein shell of the ferritin molecule interferes 
to  some  degree  with  staining.  Although  Hill  (1988), 
using  radioimmunohistochemical  techniques,  reported 
that  the  distributions  of  iron  and  ferritin  in  the  rat 
brain  are  similar,  iron  and  fcrritm concentrations  may 
differ  sufficiently  in  the  striatum  to  account  lk)t the 
present data. 
An  alternative  explanation  relates  to  the  [act  that 
MRI measures brain  iron in vivo. while the Perls'-DAB 
stain  is  conducted  postmortem  after  the  tissue  has 
undergone  substantial  manipulation,  Even  when  the 
pre-staining steps  involved  in  the  Perls'-DAB  ieaction 
are  kept  to  a  minimum,  the  animal  must  still  be  per- 
fused  with  formal  saline  and  the  brain  is  typically 
stored  for  some  time  in  a  formal  satinc  and  alcohol 
solution  prior to staining,  providing ample opportunity 
for water-soluable  iron  compounds  to  be  leached  out 
of the  tissue. 
The day-to-day changes  in  brain  iron  status did  not 
appear to be reflected in sensorimotor behavior, Brain 
iron  analysis indicated  large day-to-day fluctuations  in 
the  striatum  of  rats  with  unilateral  6-OHDA  lesions, 
yet these  animals  had  severe  and  long lasting sensori- 
motor asymmetries that showed little (if any) day-to-day 
change.  Unlike  the  MRI data,  no  reversal in  asymme- 
try  was  found  in  any  animal  tscc  also  Schatlert  el  al. 
1982,  1983).  Recovery  occurred  over  the  course  of 
several weeks on some measures and deficits on other 
tests were  chronic  (Schallert  and  Hall  1988;  Hall  and 
Schallert  1988).  T,  relaxation  time  changed  signifi.- 
cantly  from  day-to-day  in  the  striatum  in  the  sham 
control  group  yet  these  animals  were  never  impaired 
on any of the sensorimotor measures. Thus, one should 
be cautious  about attempting to relate brain  iron  find- 
ings  as  seen  by  MR1  to  behavioral  status  in  animal 
models or in  neurological disorders such as Parkinson's 
disease that are characterized by a loss of DA neurons. 
Although  estrous  cycle  stage  was  determined  for 
each  animal  at the  time of brain  iron  evaluation (MRI 
and  Perls'-DAB  stain),  the  effect  of  estrous  cycle  on 
day-to-day changes in  brain  iron  remains  unclear.  Sta- 
tistical  analyses indicated  that  stage of estrous  had  no 
significant  effect on  brain  iron  asymmetry or  fluctua- 
tions.  However, because the diflerent  stages of estrous 
in  the rat vary considerably in  their length ( t2-57  h),  a 
sufficient  sample  of  the  different  stages  was  not  ob- 
tained.  Hill  (1980,  1981a,  1981b)  reported  that  in  the 
rat brain  iron levels in the globus pallidus and substan- 
tia  nigra  rise  during  the  procstrus  stage and  return  to 
lower  ("baseline")  levels  during  the  other  stages  of 
estrous.  Brain  iron  levels in  the  cortex did  not  change 
during estrous. These were apparently bilateral changes 
and  no  instance  of  an  asymmetry  in  brain  iron  was 
reported.  In  the  present  experiment,  intact  animals 
(sham  controls)  showed  minor  brain  iron  asymmetries 
and  fluctuations.  Moreover,  these  brain  iron  findings 
were  seen  in  the  striatum  and  no  significant  changes 
were  noted  in  the  globus  pallidus.  The  data  suggest 
that estrous stage did not contribute to the fluctuations in  brain  iron  concentrations  seen  by  MRI.  However, 
that  possibility  cannot  be  ruled  out  and  the  experi- 
ments  should  be  repeated  using  male  rats  or  female 
ovariectomized  rats  in  which  hormone  levels  can  be 
experimentally  controlled. 
The  day-to-day  fluctuations  of  iron-related  indices 
in  the  striatum  seen  in  rats with  unilateral  DA  deple- 
tion  may  be  useful  in  interpreting  inconsistent  clinical 
ncuropathological  reports  in diseases  of the basal  gan- 
glia.  In  people  with  "classic"  Parkinson's  disease 
(nigrostriatal  DA  depletion  without  damage  to  the 
intrinsic  cells  of the  striatum)  high  iron  might  be  ob- 
served  on  some,  but  not  all,  MRI  scans.  Case  studies 
might  be  particularly  prone  to  misinterpretation,  but 
even  studies  with  large  numbers  of patients would  fail 
to detect  fluctuations without serial  scans. 
Although the data may have implications  for under- 
standing  inconsistent  clinical  data,  it  remains  possible 
that  they  do  not  generalize  well  to  humans  due  to 
differences  between  the  rat  and  human  brain.  More- 
over,  the  precision  of experimental  methods  may  per- 
mit  brain  damage  that  is  importantly  different  from 
that  of  a  degenerative  condition  such  as  Parkinson's 
disease,  rcsulting  in  different  brain  iron  changes.  In 
addition, unlike the animal model, in some instances of 
Parkinson's  disease,  changes  in  iron  accumulations  or 
ferritin  activity  may  underlie,  or  greatly contribute  to, 
the  pathogenesis  of  the  disorder  (see  Dexter  et  al. 
1990;  Drayer  1987;  Earle  1968;  Sofic et al.  1988,  1991; 
Riederer  et  al.  19891.  Finally,  in  Parkinson's  disease, 
DA  agonists  (antiparkinsonian)  drugs  may  well  coun- 
teract  fluctuations  in  iron  by  replacing  the  lost  influ- 
ence  of  DA  receptor  modulation.  Thus,  iron  concen- 
trations  in  parkinsonisms,  even  of  the  relatively  pure 
DA-deficiency  type,  might  well  be  different  from  that 
seen  after  experimentally-induced  DA  depletion  for  a 
w~riety  of  reasons.  Insights  relevant  to  these  issues 
might  come  from  serial  T2-weighted  MRI  scans  con- 
ducted  with  DA  depleted  primates,  including,  for  ex- 
ample,  the  MPTP  model  and  different  subtypes  and 
severity of Parkinson's disease.  Nevertheless, these data 
should  provide  a  foundation  for  more  thorough  and 
meaningful  investigations  of  the  relationship  among 
iron,  DA,  and brain damage  in the basal  ganglia. 
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